Using light microscospy, cross sections of the superior vestibular nerve were compared in 2 tree-dwelling species of squirrels (Sciurus carolinensis and S. niger) and 3 ground-dwelling species (Spermophilus tridecemlineatus, S. mexicanus, and S. variegatus). Fiber number, internal minor diameter of the axon, and axon area were measured for 31,959 fibers taken from 5 males of each species. Significant differences were not found within or among species, suggesting that climbing behaviors are not correlated with these morphologic features of the superior vestibular nerve.
Much of the variation observed in vertebrate brain structure can be attributed to differences in behavior and ecology. For example, in rodents, lagomorphs, and insectivores, brain size has been related to complex habitats, specialized diets, and nocturnality or diurnality (Mace and Harvey 1981) . Among bats, relative brain weight in relation to body size is greater in frugivorous than in insectivorous species (Eisenberg and Wilson 1978) . Variation in brain structure also has been demonstrated in other vertebrate taxa, ranging from teleosts (Huber and Rylander 1992) to bats and primates (Jolicoeur and Baron 1980; Pagel and Harvey 1989; Pirlot and Jolicoeur 1982; Stephan and Pirlot 1970) . Goldschmid and Kotrschal (1989) examined trends of sensory diversity in closely related cyprinids (teleosts) and interpreted differences in terms of ecology and evolution. In rodents, a relationship was found between brain structure and variables such as locomotion and food acquisition (Bernard and Nurton 1993; Pirlot and Pottier 1977) .
The cranial nerves and their nuclei are especially useful parts of the brain in which * Correspondent: k.rylander@ttu.edu to look for size and structural differences that are correlated with specialized tasks. Cranial nerve cells generally have specific targets (such as a muscle or a sensory organelle); hence, number of cell bodies in a cranial nerve nucleus and number and size distribution of fibers in the nerve could be linked closely to the specific function of the target.
In the vestibulocochlear nerve (VIII), which supports hearing and equilibrium, the ganglia and nuclei are generally discrete and the functions are well known. Carpenter (1991) provided a recent description of the vestibular nerve and its ability to control balance and equilibrium.
Number of fibers in this nerve differs among mammalian species, as was demonstrated by Gacek and Rasmussen (1961) for the guinea pig (Cavia cobaya), domestic cat (Felis catus), and rhesus monkey (Macaca mulatta). However, no such data exist for closely related mammalian species or for closely related species that occupy different ecological niches. Because conduction velocity increases with increased axon diameter (Hursh 1939) , and complex structures ordinarily have more nerve fibers, we FIG. 1.-Photomicrograph of a cross section of the superior vestibular nerve in Spermophilus mexicanus. The inset represents a 2% sample of the nerve of which number of neurons, mean minor internal diameter, and cross-sectional area were measured.
reasoned that nerve fibers that make up the vestibular nerve in squirrels (Sciuridae) might vary among ecologically diverse species such as ground squirrels (Spermophilus) and tree squirrels (Sciuris), even though they are relatively closely related. Tree squirrels are normally found climbing trees, scaling walls, or walking across telephone wires. In contrast, ground squirrels, although able to climb into low-lying branches of shrubbery, spend most of the day on or below ground level.
We focused on the relationship between morphology of the neuron of the vestibular nerve and climbing ability in these two groups. Results were compared among individuals and among species, and grouped by behavior to address the following questions. Does the vestibular nerve in tree and ground squirrels differ with respect to relative size and distribution of cells? If anatomical differences can be demonstrated, can they be correlated with different behaviors among the species? The central hypothesis was that number and size of axons are greater in species that exhibit treeclimbing behavior.
MATERIALS AND METHODS
We examined the superior part of the left vestibular nerve (Fig. 1) Soon after capture, specimens were anesthe-tized with ether and decapitated. A hole was made in the tympanic bulla to insure proper fixation. Later, the left one-half of the skull and brain were placed in 2% glutaraldehyde in phosphate buffer (pH 7.4) for 6-8 h at 10ЊC, washed 3 times in 0.1 M phosphate buffer, and decalcified with Cal-Ex II (Fisher Scientific, First Lawn, New Jersey) for 48 h. A scalpel and microdissecting scissors were used to remove the superior part of the 8th cranial nerve by tracing its descent into the internal auditory meatus. The nerve was placed in 1.0% osmium tetroxide for 1 h, dehydrated in a series of graded ethanols, and embedded in Spurrs resin. The vestibular nerve is caudal to the facial nerve and dorsal to the acoustic nerve as it enters the internal auditory meatus. Depending on the species and removal technique, a 2-to 5-mm part of the vestibular nerve was embedded. Using a Sorvall Porter-Blum ultramicrotome and glass knives, cross sections of the nerve, 1.0 m thick, were made. Cross sections of the superior vestibular nerve were taken from a Ն 100-m range from the vestibular ganglia as the nerve traveled peripherally toward the sensory structures. Sections were mounted on glass slides, stained with 5% toluidine blue (pH ϭ 11.1; 0.1% Na 2 CO 3 ), and mounted under coverslips. Cross sections of each nerve were viewed using an Olympus BX50 light microscope. Digital imaging was processed on a Macintosh computer (Power PC 7600/120) using Scion Image (version 1.59), a form of the public domain NIH Image program (developed at the United States National Institutes of Health and available from the Internet at www.zippy.nimh.nih.gov). A Scientific Frame Grabber model LG-3 (Scion Corporation, Frederick, Maryland) was used to capture the digital image. Measurements of nerve cross sections were completed at a final magnification of 230ϫ, where 598 pixels equaled 1 mm. The cross-sectional area in square micrometers was determined by outlining the cross section of the nerve. For each nerve cross section, 10 samples areas were chosen, each representing 2% of the nerve. The 10 sample areas were magnified to a final power of 920ϫ, where 3,280 pixels equaled 1 mm.
Axons were counted and totaled in each of the 10 sample areas. The minor internal diameter and area for each axon in the 10 samples for each nerve were measured using morphometric software. To determine if morphology of the vestibular nerve differed among individuals, species, or species grouped by behavior, 1-way analyses of variance for each nerve measurement were performed on species and individual means.
Statistical tests for homogeneous variances and normal distributions were conducted to satisfy the assumptions of a 1-way analysis of variance. Variances were tested by Levene's test for inequality of variance (Levene 1960) . Variances were homogeneous for all tests including fiber diameter (P Ͼ 0.296), minor internal diameter (P Ͼ 0.535), and axon area (P Ͼ 0.531). The Shapiro-Wilk test (Shapiro and Wilk 1965) for normality was used to test for normal distributions in fiber number, minor internal diameter, and axon area with the following results, respectively: P Ͼ 0.350, P Ͼ 0.710, and P Ͼ 0.310. Statistical significance was set at P Ͻ 0.05.
RESULTS
All measurements of body length and mass for each species agreed with species' accounts (Schmidly 1983) . Preliminary measurements of a single superior vestibular nerve in cross section showed no significant differences in area measurements of individual axons. Three cross sections were compared at a total distance of 100 m throughout the vestibular nerve. Each of the 3 cross sections was about 50 m from the previous section. No differences were detected in mean minor internal diameter (F ϭ 0.066, d.f. ϭ 2, P Ͼ 0.936) and mean axon area (F ϭ 0.0678; d.f. ϭ 2, 11; P Ͼ 0.516).
A total of 31,959 axons was measured for the 5 species combined. Mean area for cross sections in each species and mean fiber number counted in 20% samples of the nerve are given in Table 1 .
Mean fiber numbers for the 20% sample areas in S. mexicanus, S. tridecemlineatus, S. variegatus, S. carolinensis, and S. niger were 113.7, 113.7, 118.3, 120.4, and 132.5 , respectively, with no differences among species (F ϭ 0.500; d.f. ϭ 4, 24; P Ͼ 0.738).
Mean minor internal diameter did not . Frequency values were calculated for minor internal diameter. In all species, a minor internal diameter of 3-4 m was the most common with Ն31% of the fibers in each species being in this range. At least 50% of the fibers in all species were 3-5 m in diameter.
Frequency values were calculated for mean axon area in each species. Axon-area measurements were most commonly 0-10 m 2 , which included Ն40% of all fibers in each species. More than 70% of the fiber areas were 0.35-20 m 2 in all species.
DISCUSSION
At the macroscopic level, MacFarlane and Taylor (1982) reported that brain size in African squirrels was similar in treeclimbing and ground-dwelling species; however, Lemen (1980) , using tail length as a measure of climbing ability in Peromyscus, found that brain size increased with tail length. Lemen's (1980) results supported the hypothesis of Eisenberg and Wilson (1978) that relatively larger brains are required to navigate through structurally complex habitats. Bernard and Nurton (1993) concluded that arboreal squirrels have a larger relative brain size than terrestrial species and also that rodents possessing complex behavioral patterns associated with food acquisition and locomotion have larger brains.
At the microscopic level, Goldberg et al. (1992) found a considerably larger proportion of low-gain irregular efferent fibers in the squirrel monkey (Saimiri) than in the chinchilla (Chinchilla). Ramprashad et al. (1984) examined the dimensional analysis and characterization of peripheral vestibular structures in rabbits (Oryctolagus cuniculus), gerbils (Meriones unguiculatus), harp seals (Pagophilus groenlandicus), chinchillas (Chinchilla laniger), and squirrel monkeys (Saimiri sciureus). Analysis of results indicated that the vestibular labyrinth, radius of curvature of the semicircular canal, and otic fluid space are not the same for these species. Lee et al. (1990) observed a similar distribution of fiber size in frogs (Rana catesbeiana), chinchillas (C. laniger), and squirrel monkeys and reported that phylogenetically more primitive animals have fewer nerve fibers.
The vestibular ganglion cells in the guinea pig and squirrel monkey were described by Ballantyne and Engstrom (1969) . Variation in ganglion structure was quite prevalent, with large bipolar cells grouped together with small neurite bundles found elsewhere in the same section. Myelin sheath density and thickness were found to vary considerably among neurons.
Potential problems exist when vestibulocochlear nerves are compared between species, as in this study. For example, this nerve comprises the 8th cranial nerve and the intermediate nerve, and it shares a common pathway with the 7th cranial nerve, or facial nerve. We found that the main trunk of the vestibular nerve was not a useful structure to study because of the facial-vestibular anastomosis that adjoins the vestibular nerve and jeopardizes a true count of the vestibular fibers (Gacek and Rasmussen 1961) . The main trunk also contains the efferent cochlear bundle of Rasmussen in its intravestibular nerve course, making it difficult to distinguish the vestibular nerve individually. Therefore, the superior branch of this nerve was the most appropriate part to investigate and quantify. The superior branch is larger and longer than the inferior branch and is easily removed from the skull as it courses peripherally toward its sensory structures, which include the anterior ampulla, lateral ampulla, and the utricle. Also along this pathway, the hour-glass-shaped vestibular ganglion provides a convenient point of reference for making cross sections of this part of the nerve so that similar areas can be compared among species.
Because the results of our study did not demonstrate differences between species, we could not reject the null hypothesis. However, when rejection of the null hypothesis fails, the probability of a type II error is a concern. In this study, the probability of a type II error was 0.013, 0.095, and 0.564 for fiber number, area, and diameter, respectively (Cohen 1988) . A value Ͼ 0.70 (the probability of a type II error) generally indicates a powerful experiment (Dowdy and Weardon 1991) . These values indicate a 43-99% probability that the null hypothesis will not be rejected even when it is false. Furthermore, all assumptions necessary to analyze these data by a 1-way analysis of variance were met and P-values for fiber number, axon area, and mean internal diameter were all greater than 0.574.
Several possible explanations exist for our negative results. Behavioral and ecological differences may not be measurable using morphometric analysis, or, more likely, significant morphologic variability occurs in other vestibular structures, as evidenced by previous studies of gross brain measurements comparing locomotion and climbing ability in rodents (Bernard and Nurton 1993; Lemen 1980) . Lee et al. (1990) have shown that the vestibular nerve is similar throughout a large number of species, but morphologic differences are likely to exist elsewhere in the system. The vestibular labyrinth contains many structures, including the inferior vestibular nerve, semicircular canals, and hair cells, all of which play an important role in balance and equilibrium.
Moreover, species investigated may have been too closely related for any major differences to be identified. Phylogenetic studies suggest that ground squirrels evolved from a common arboreal ancestor (Swiderski 1993) . If this is the case, the vestibular nerve in the ground-dwelling species may have persisted as a plesiomorphic character from its tree-dwelling ancestors. After a behavior or sensory pathway has developed, it is rarely lost and modification tends to result in greater complexity (Mace and Harvey 1981) .
Physiologic characteristics of the vestibular nerve also could be a limiting factor in identifying potential differences. Depolarization and firing rate within neurons were not examined in this study. Axons may be limited in their area and diameter to maintain a constant velocity of the nerve impulse. If this is the case, differences in nerve-fiber characteristics may be masked by physiologic limitations (Hursh 1939) . The suggestion also has been made that neuron density may play a role in cranial nerve capacity. Haug (1987) observed a negative correlation between neuron density and brain volume.
Although fiber characteristics did not differ among species, intraspecific variation was detected. Area measurements of the whole nerve were not consistent with the size of the animal. This is surprising considering the difference in body size and cranial capacity between arboreal and terrestrial species. This suggests that the 100-m range from which each cross section was chosen may have been too variable, although preliminary results showed otherwise. This also might suggest that a larger sample, specifically more individuals per species, should be collected to distinguish differences between species. This would also decrease the probability of a type II error.
In addition to increasing the sample, future research could compare the superior vestibular nerve in other ground-dwelling squirrels such as Cynomys and Marmota and the volant flying squirrel, Glaucomys volans. Further research involving identification of fiber types in branches of the vestibular nerve should be considered.
Within the superior vestibular nerve, morphologic measurements of the myelin sheath and ganglia also could be compared across species. Vestibular nuclei, secondary vestibular fibers, and gross brain anatomy comparisons between species would permit a more complete picture of the vestibular system. LITERATURE CITED
